Th e pyrolys is of compounds whose deco mpos iti on produ ces equ al numbers of reac tive a nd sta ble molec ul es provides a simp le qu a ntitati ve mea ns of ge ne ra tin g d ilute mi xtures of fo rm alde hyde , acet· ald e hyde a nd ac rolein . Th e require me nts with res pect to the th e rm a l stab ility of suc h " pa rent" co m· pounds a re di sc ussed and the po ssible exte nti ons to oth er reactive gas syste ms a re co nsid e red.
Introduction
The capability of ge nerating acc urately known dilute mixtures of re active gases is important for th e qu anti· tative underst a ndin g of air pollution che mi s try. For example , such mixtures are needed in the calibration of measuring in s trum ents, in toxicity inv estigation s and in physico·c he mi cal studi es on th e ra tes a nd mecha nisms of pollutant fo rmation. The reactive na ture of so me of t hese gas es may make it advi sable to use dyna mic methods for sample generation. This is exe mplified b y the use of permeation tubes for S02 generation. A gen· eral survey on thi s subj ect can be found in a recent text [1) . 1 The prese nt report deals with the production of dilute mixtures of formald ehyde, acetald ehyde and acrolein usin g the gas phase pyrolysis of select ed " par· ent" molecules. Although th ese aldehydes are present in automobile e xhau sts [2] and may be important intermediates in photoc hemical smog formation [3] , the main aim of this investigation is to demonstrate the fe asibility of this technique and to call attention to certain attrac tive features whic h make it worthy of further exploitation.
In the past f ormalde hyde [4] , ket e ne [1] , butadien e [1] have b een gen erated in this mann er. The prime goal has been pre pa ra tive , in th e sen se of obtainin g gases in as pure a state as possibl e. This s tudy may be con sidered an exte ntion to s malle r conce ntr a tions of the earlier work , and as before the c urre nt appli cation uses gas phase unimolecular reaction s. S pecific interest will be fo c use d on processes of th e type where R is th e reactive s pecies a nd S a s table com· pound for whi ch calibration mixtures can be prepared in th e o rdin ary ma nn er. Th e co nce ntration of Sand R a t a ny tim e is th e n S = R = (S R)i nili al X (1 -e-I.-t) wh e re k = A exp (-E/R1) with A and E (activa ti on energy) con stants. Thus th e ab solute co nce ntratio n of the two prod ucts is de pend· ent on the concentration of the " pare nt " SR , the reac· tion time t and the te mperature T. Howe ver , th e s toichiom e try re quires equal concentra tions of Sand R , therefore a dete rmination of th e conce ntration of S de termines the con centra tion of R. Note that thi s will be true regardless of the value of the three operational variables th a t control the absolute concen trati on. In other words , gas generation based on this method does not require much experimental skill in pre parin g th e sample or in setting the reaction conditions. Furthermore , change s in concentration can be effected with ease. Here, one has the option of varying the concentration of the parent and/or the reaction te mpe ra· ture. F or the latter a wide range of concentrati on s can be generated by the adjustment of a rh eosta t. Th e method also provides a conveni ent mean s of storing reactive or pos sibly toxic gases until need ed. F or example , acr olein is a very stron g lachrym ator and may be a hazard if carelessly handled. Finally for the calibrati on of a wh ole series of compounds R I , R 2 , e tc . having parents AR I , AR 2 , etc. it will b e possible to base all the calibr ation s on the one set of standard s amples for stable con stitue nt A.
Th e aim of this study is to de monstrate that there exist compounds whi ch behave in the desired fashion over a sufficiently wide range of reaction conditions. For this purpose it is possible to draw on the large volume of recent experimental data on molecular decompositions and equally important, the work of Benson and co-workers [5] in rationalizing these results. The processes of interest are those that are truly molecular in character, that is the reaction occurs as written, and which do not have significant side reactions_ The avoidance of surface or chain induced decomposition processes is of prime importance. These processes are frequencly irreproducible and thus completely unsuitable for the present purposes. The monograph by Benson and O'Neal [5] suggests a large number of compounds that have the potentialities of fulfilling the requirements. They are characterized by six-centered transition states with A-factors in the 10 1 2 /s range and activation energies of between 40-50 kcal/mol. 2 The latter is about 30 kcal/mol lower than that for most C-C bond breaking reactions and provides a degree of assurance that radicals will not be present in the system. The specific reactions which are the subject of this investigation are:
It should be e mphasized that the "parent" compounds have been selected purely on the basis of availability, relative purity and other such non-criti cal reasons. They should not be regarded as the optimum for any particular application.
'I kcal/mol = 4.184 kJ/mol.
Experimental Procedure
The experimental set-up is shown schematically in figure 1. Although gas chromatographic detection is used, any other system with the necessary sensitivity is equally satisfactory. The key component is the reactor assembly and can be visualized as simply a plug-in module between the inlet and the detection system. The pyrolyzer is from Chemical Data System
[6] and consists of a heated gold coil til diameter and with an internal volume of about 6 cm 3 • With the gas chromatographic flow rates of 20-50 cm 3 /min heating times are of the order of seconds. The range of temperatures is from 40 to 700°C. The use of a flow reactor is necessary because of the need for delivering the desired gas mixture to the detector as rapidly as possible. Gold is employed as the reactor material since it does not appear to catalyze surface reactions. The precolumn in the reactor assembly serves to purify the input sample. The packing for the gas c hromatographic columns are the various Poropaks. Column lengths are 2-6 ft., and the temperature is between 100 to 150°C. The gas chromatograph is a standard commercial instrument with flame ionization and helium ionization detectors. The last is necessary for formaldehyde detection. Peak areas are determined using an electronic integrator.
For pollution of applications, it is necessary to deliver to the detector submicrogram quantities of reactive species. Thus the use of previously diluted samples of the "parent" compound is essential. Alternatively, it would be necessary to work with microvolume samples or to carry out reactions at impractically low conversions. For introduction as a liquid sample the most convenient approach is to dissolve the "parent" compound in toluene. The concentration level is 0.2 percent or less on a mole basis. Standard gas chromatographic syringes and techniques can be used.
. Experimental apparatus.
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Note that a 5 JLl sample yields about I cm 3 of toluene in the gas phase. The maximum possible reactive species concentration is that of the "parent" com· pound, while the lower limit is set by the impurities in the system and/or the detector sen sitivity. An added advantage with regard to the use of tolue ne when the precolumn in the reactor assembly is not used is that it is an inhibitor for chain processes and thus provid es an additional guarantee for the "clean· liness" of the r e action. The mixtures of alcohols in toluene appear to be stable for a period of at least six months. An adaptation of the standard bubbler tech· nique is used for introduction as a gas. The "parent" compounds, in their pure state, are simply deposited on gas c hromatographic packing (Chromosorb P, 100-200 mesh). 3 When swept out by helium the frac· tional molar con centration is the vapor pressure of :I Certai n co mm ercial materials a nd eq uipm e nt are id entified in this pape r in ord er to specify adequate ly th e eX I)e rimentai proce d ure. In no c a. "p. ri OI' " :; :..;o.:;h id e ntifica ti on impl y reco mm e ndations or endorse men t b y th e Na tional Burea u of Standards. nor does it imp ly that the material or equipm e nt ide ntified is necessarily the bes t ava il ab le for th e purpose. 
produced are in the same conce ntration range as that from the liquid introduction. Overall , the present apparatu s permits the introduction of dilute samples of various sizes in the pyrolyzer in th e presence or absence of an inhibitor with or without preliminary purification. The subsequent section will demonstrate that the postulated stoichiometry is preserved under all reaction conditions.
Results
Several chromatograms from the pyrolysis experi· ments on oxacyclohexene-2 are shown in figure 2_ They are the results of experiments with 5 JLl samples of 1/500 (parts by volume) oxacyclohexene-2 in toluene (without precolumn) and are typi cal for this and the othe r two systems. The important factors are: (a) The concentration of reactive specie extends over two orders of magnitude.
(b) In the mid-range for this case 700 to 900 K , the chromatograms are essentially identical to each other. Note that since similar sized samples are used and the two components are created at the same time the ratio of peak heights should be a good measure of the relative concentrations and it can be seen that this is the case.
(c) At the lower limit of conversion and temperature
., 
-9 the baseline is very noisy. With the present mode of operation this is unavoidable since the extraneous peaks represent trace impurities in the oxacyclohexene-2 and/or toluene. Presumably rigorous purification will bring about some improvement. The alternative possibility of using a precolumn did not prove worth while sInce removal of the impurities also entails the dilution of the oxacyclohexene as it moved down the precolumn thus degrading the detectability. The simplest way of going to lower quantity of substance deliv- (c) Ac rolei n a nd e th yle ne. Lin e represe nt s 1-1 corresponde nce ered to the detector is to use s maller samples at higher temperatures. Thus with a 0.5 ILl sa mple a t 700 K a chromatogram with areas similar to th at of fi gure 2b, except on the 640 and 80 scale, ca n be obtain ed.
(d) At the hi ghest te mperatures a n extraneo us me than e peak is prese nt. Also, th e peak height ratio has now changed considerably. It is quite clear th at the conditions are now s u c h that th e unim olec ul ar deco mpos ition process is no lon ger th e only process occurring. The presence of methane and the noisy baselin e at the low conversions serve as a warnin g sig nal that th e calibration procedure may be ques tionable. It s hould be noted that in dealing with hydrocarbon s under th e prese nt co ndition s, form ation of methane is a us ual produ ct in c hain deco mposition processes. Th e sa me phenom e non has been observed in the two alcohol systems.
In fi gure 3 the res ults are placed on a more quantitative bas is by pl ottin g the logarith ms of th e total number of moles of alde hyd e produ ced vers us th e number of moles of olefins for a numbe r of diffe re nt experime nts. It can be see n that within th e scatter of 5-10 pe rce nt th ere is a one-to-one corres pond e nce be twee n ald e hyd e a nd olefin. Furthermore, thi s co vers over 2 to 4 orders of magnitude in mol es deliv ered and a te mpe rature ra nge of se ve ral hundre d degrees. Th ey ran ge in ex te nt of deco mposition from less th a n 1 percent to co mplete reaction durin g th e hi ghes t 25 to 50 degrees. It is possible to carry out reaction s for another 50° or so before sid e reaction s beco me important. In terms of a 10 c m 3 air pollution sa mpl e th e number s here represent a lowest concentrati on of a fe w ppm or less. It is also important to note that th ese res ults a re ind e pe nde nt of the mea ns of delivery or size and co nce ntration of samples. The calibra tion factors for acrolein and acetaldehyde have been de termin ed using dilute samples of pure sub stan ces. For formald ehyde th e calibration fac tor is derived from the pyrolysis of trioxan e in tolue ne at a te mpe rature of 900 K. This is a generally used tec hnique for formald ehyde ge ne ration. Th e olefins are prepared as a 45 ppm mixture in He pre pared by a co mmercial s upplier and with a s tated but un co nfirm ed accuracy of ± 5 percent. Ch ecks on th ese calibrations have been carried out by pyrolyzin g ot her " paren t" co mpounds. For example, for acetaldehyde, th e reac tion H 2 C = CHOC + CH3CHO). Th e 3 to 2 ratio is the relative sensitivity of the flame ionization detector of propylene as against ethylene and has been verified from the standard olefin mixture. With regard to acrolein the reaction H 2 C = CH2 CH2 0CH2CH3 = CH2 ~ C3 H6 + H2 C = CHCHO gives an area ratio of A(C3H6)/ A(acrolein) = 3/2 and can be co mpared with A(C 2 H4)/ A(acrolein)= 1 from oxacyclohexe ne-2 pyrolysis. Here again one obs erves th e required 3 to 2 propylene to ethylene rati o. Th e se nsitivity of the aldehydes to the flam e --------ionization de tector is in acco rd with the observatio n that carbonyl gro ups are not de tectable by this means while the rest of th e molec ule b e haves as a hydro· ca rbon .
It did not prove feasible to carry out th ese c hecks for formaldehyde. Th e use of 3-bute ne-l-ol and allyl me thyl ether as " pare nts" yields propyle ne and formaldehyde. Unfortunately, and unexpec tedl y th ese co mpounds are not separated by the Poropaks to a n extent that permitted accurate area meas ure me nts.
Discussion
The scatter of these results is larger than can be accounted for by un certainties in the area meas ureme nts. There does not appear to be any simple explanation since there are no perce ptible tre nds. Thi s sets a limit with respect to th e precision of thi s type of gas generation . With respect to th e dynamic ran ge it should be emphasized tha t th e lowe r limit co uld probably be lowered if greate r efforts a re mad e to "cleanup" the sys te m by rigoro us purification. Th e prese nt data represents th e res ults achieved with readily purchasable c he mi cals using standard ge ner al purpose in strum entation. The high est co nce ntration s tes ted here are in th e range of 2000 ppm. This is proba bly as high as one would want to go sin ce it is only at th e lower levels th a t sampl e integrity is a proble m. Overall, the e ntire proced ure mak es th e ge neration of reactive gases a simple matter. Thus , th ere is no need to co ntrol te mperature, sa mple size or method of introdu cti on. Indeed , th ere is no certainty that a gold reac tor is need. This point will b e tested.
Although all th e prese nt da ta have been obtain ed on th e basis of the introd uction of a pulse of th e parent co mpound , it s hould be noted th at th e setup for gaseo us introdu ction can , with minor modification s, be used to generate a constant strea m of reac tive gases. In so far as the pyrolytic techniqu e is concern ed no new proble ms are introducted. Indeed th e experie nce from kin etic studies is that continuous pyrolysis may pro· du ce more satisfactory results that that using the pulse method. Continuous generation is necessary for tox· icological and physical chemical investigations. Complications will arise from th e multicomponent nature of the system. The parent compound can be eliminated by working at a temperature where reaction is co mple te. Another reason for working in thi s region is that if one carries out experiments in th e kin e ti c regio n , the ex ponential dependence of the rate co nstant requires se nsitive temperature control. With regard to the presence of the stable compound, it may be of no import ance or one can select a pare nt molec ule which will give a standard molec ule which is easily separated from th e reactive species of interes t.
The success of thi s tec hniqu e for generatin g the desired aldehydes implies that similar reactions can be used to generate a vari ety of other gases. Some of these include organic acids, alcohols , ketones , hydrogen halides, ammonia, etc. Some typical reactions which might be utilized are as follows: CHaCOOC2 H5 ~ CH3 COOH + C2t4 C2H50COOC2~ ~ C2H50H + C2t4 + CO2 tC4 H9CI ~ iC4 Hs + HCI An examination of Benson and O'Neal's monograph [5] , and a consideration of the criteria given here sug· gests that a large number of reactive gas molecules from an endless array of parent compounds may be made in this fashion. The only obvious exceptions are probably ozone and various highly oxygenated compounds.
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